Ce 4 f derived states at the Fermi level (E F ) of the isostructural single crystals CeRhAs, CeRhSb, and CePtSn were observed directly by means of high-resolution (⌬Eϭ18-20 meV), low-temperature ͑10-12 K͒ photoemission spectroscopy with a photon energy of hϭ126 eV. The Ce 4 f spectrum for the Kondo semiconductor CeRhAs exhibited no peak structure near E F , and its spectral intensity decreases monotonically above the binding energy ϳ90 meV, thereby forming a large gap structure. The spectrum of the semimetal CeRhSb is enhanced above ϳ120 meV, but decreases steeply above ϳ13 meV, which indicates the existence of a narrow pseudogap at E F . A clear crystal field excitation at ϳ27 meV, and a weak Kondo resonance at E F , were found in the metal CePtSn.
Among the highly correlated 4 f electron systems, there are materials called Kondo semiconductors or semimetals, which have a small energy gap or pseudogap in the ground state without magnetic ordering. 1, 2 The temperaturedependent energy-gap formation cannot be explained within the framework of the single-impurity Anderson model ͑SIAM͒. 3 The crossover from metallic states at high temperature to semiconducting or semimetallic states at low temperature occurs around a certain characteristic temperature, which is recognizable in the various transport and magnetic measurements. 1, 2 The temperature-dependent hybridization between the conduction bands and f states (c-f hybridization͒ near the Fermi level (E F ) has to be treated explicitly to explain the energy gap formation. This has been carried out on the basis of the periodic Anderson model ͑PAM͒, or the Kondo lattice model ͑KLM͒, with several computational methods. [3] [4] [5] CeRhAs and CeRhSb, with the orthorhombic ⑀-TiNiSi-type structure, are a Kondo semiconductor and Kondo semimetal, respectively. 1, 6, 7 These compounds provide an ideal experimental system, since the difference of pnictogen leads to different transport properties. Recently, a single crystalline CeRhAs was grown. 7 A broad peak in the magnetic susceptibility () was found at T m ϳ500 K. 7 Anomalies at T 1 ϭ370 K, T 2 ϭ235 K, and T 3 ϭ165 K were observed in and the electrical resistivity (). 7 It was indicated that the energy-gap formation was closely coupled with lattice modulations. 7 A broad maximum at ϳ120 K is found in and for CeRhSb. 6 The temperature-dependent tunneling spectroscopy of CeRhSb exhibited that the spectral intensity at E F decreased below 23 K, forming a narrow V-shaped energy gap, 2⌬ pϪp ϳ20-27 meV. 8 The specific heat, 9 as well as the 1/T 1 in the NMR measurements, 10 have been explained well by assuming a V-shaped pseudogap, with a halfwidth ⌬ ϭ28 K, 9, 10 and a residual density of states at E F . Recently, Kumigashira et al. reported high-resolution temperature-dependent photoemission spectra for polycrystals of CeRhSb and CeRhAs, 11, 12 with He resonance radiation ͑He I␣: 21.218 eV and He II␣: 40.814 eV͒. On the basis of the He II␣-He I␣ difference spectra, the size of the pseudogap for the f states (⌬ f ) as well as that for the conduction bands (⌬ c ) were assumed to scale with the Kondo temperature (T K ), for both compounds.
11,12 Also, they claimed that ⌬ c 's were larger than ⌬ f 's for both compounds. 12 Although the difference-spectra of CeRhSb and CeRhAs deviated from that of metallic CePd 3 near E F , the spectral intensities at E F were high for both compounds. 12 The spectral features across E F looked metallic and thus are inconsistent with the transport properties. 12 We note that an accurate extraction of the Ce 4 f spectra via the difference method is difficult in this case, since the photoionization cross-section of the Ce 4 f orbital is smaller by one order of magnitude than that of the Rh 4d orbital in this photon energy region. 13 Moreover, these experiments were conducted using scraped surfaces. 11, 12 Taking into account the surface sensitivity of photoemission spectra, 14 it is obvious that the roughness of the scraped surface 15 affects significantly the high-resolution photoemission spectral features. 16 In this paper, we report high-resolution, low-temperature resonant photoemission spectra of CeRhAs and CeRhSb single crystals, and discuss unusual Ce 4 f electronic states in these compounds. The Ce 4 f -derived spectra are quite different from the previously reported difference-spectra.
We chose the isostructural Kondo metal CePtSn as a reference, which becomes antiferromagnetic below T N ϭ7.5 K. 17, 18 The Ce 4 f states were found to be well localized from clear crystal-field excitations observed at 20-30 meV in an inelastic neutron-scattering study. 18 The Kondo temperatures for CeRhAs, CeRhSb, and CePtSn were estimated to be T K ϳ1500 K (ϳ130 meV), ϳ360 K (ϳ30 meV), and ϳ10 K (Ͻ1 meV), 17 respectively. The former two temperatures were inferred by assum-ing the relation T K ϳ3 T m . 19 It should be noted that the unitcell volume increases on going from CeRhAs (239 Å Ϫ1 ), 20 to CeRhSb (269 Å Ϫ1 ), 20 and to CePtSn (276 Å Ϫ1 ) 17 . The volume expansion should weaken the c-f hybridization.
CeRhAs and CeRhSb single crystals were grown by the Bridgman method, 6, 7 and CePtSn single crystals were grown by the Czochralski method. 17 The transport and magnetic properties of the present samples are described elsewhere. 6, 7, 17 Since impurities and/or defects have significant influences on the physical properties of Kondo semiconductors and Kondo semimetals, 1, 6 it is highly desirable to use single crystalline samples, especially for high-resolution photoemission measurements. In order to obtain clean surfaces, we fractured the single crystalline samples in situ in ultrahigh vacuum (3ϫ10 Ϫ10 Torr) at 10-12 K. The present measurements were carried out on a high-resolution linear undulator beamline ͑BL-1͒ connected to the compact electron-storage ring ͑HiSOR͒ located at Hiroshima Synchrotron Radiation Center ͑HSRC͒, Hiroshima University. 21 The beamline is equipped with a high-resolution, hemispherical electron analyzer ͑SCIENTA ESCA200͒. The total instrumental energy resolution was set at 18 -20 meV at h ϭ126 eV. This was confirmed by the photoemission spectra of the Fermi edge of evaporated Au cooled at 10-12 K. The value of E B is defined to E F , which was calibrated using the Fermi edge of Au with the accuracy of Ϯ2 meV. Surface cleanliness was checked by using the spectral feature around 6 eV, which is sensitive to oxygen contamination. We performed angle-integrated photoemission spectroscopy by collecting photoelectrons emitted normally with acceptance angles of Ϯ6°and Ϯ1.3°along and perpendicular to the analyzer slit, respectively. 22 We confirmed that the spectral features were highly reproducible. At photon energy of h ϭ126 eV, which is close to the Ce 4d-4 f photoemission resonance peak at 122 eV, the Ce 4 f contribution is enhanced significantly, and dominates the spectra. The Ce 4 f 1 -derived spectral shapes taken at hϭ126 eV do not differ from those taken at hϭ122 eV. Here we used h ϭ126 eV for a lower background above E F . The offresonance spectra of these compounds taken at h ϭ115 eV ͑not shown͒ have almost flat spectral shapes above E B ϳ2 eV, and have a much weaker intensity compared with those taken at hϭ126 eV. 23 Here c គ denotes holes in the wide conduction bands. Analyses of the Ce 3d-4 f and 4d-4 f resonant photoemission spectra show that the surface and bulk contributions are dominant to the spectral weights of the Ce 4 f 0 and Ce 4 f 1 final states, respectively. 24 Here we concentrate on a discussion of the Ce 4 f 1 spectra very close to E F . Spectral features shown by vertical bars for CePtSn are due to the Pt 5d states. Figure 2 shows the Ce 4 f 1 -derived spectra. The intensities are normalized to the peak at ϳ300 meV. The Ce 4 f 1 spectra of CeRhSb and CePtSn are split by the spin-orbit interaction into two peaks at ϳ300 meV and ϳE F . Based on the SIAM, the spectral features at ϳE F are due either to a Ce 4 f 5/2 1 contribution, or to the tail of the Kondo resonance ͑KR͒, while those at ϳ300 meV are due to the Ce 4 f 7/2 1 -derived states. The peak structure, just below E F in CeRhSb, is intense in comparison with that at ϳ300 meV. In the case of CePtSn, the Ce 4 f 5/2 1 has almost the equivalent height as that of Ce 4 f 7/2 1 . These observations seem to be consistent with higher T K of CeRhSb than that of CePtSn based on the SIAM. 25 It is noteworthy, on the other hand, that the peak structure near E F is fully absent in the spectrum of CeRhAs.
In order to estimate the spectral density-of-states ͑SDOS͒, we divided the photoemission spectra ͑normalized at ϳ300 meV) by a Fermi-Dirac distribution ͑FDD͒ function, convoluted with a Gaussian which represents the instrumental resolution, 26 as shown in Fig. 3 . The resulting spectra are assumed to give the SDOS broadened with the instrumental resolution. One notices again that CeRhAs exhibits quite different spectral features as compared with those of CeRhSb and CePtSn. There is no KR at E F . The spectral intensity decreases monotonically above ϳ90 meV, forming a large gap structure. It is remarkable that the energy gap of CeRhAs is very close to a fullgap rather than a pseudogap.
As shown in Fig. 3 , some differences become apparent near E F , especially between CeRhSb and CePtSn. In the case of CeRhSb, the spectral intensity shows enhancement above ϳ120 meV, which is similar to that of Kondo metals with high T K . 25 However, above ϳ13 meV the spectral intensity decreases steeply, which is an important feature different from that of CePtSn and other Kondo metals. 25, 26 The rapid decrease in the spectral intensity strongly supports the existence of a narrow pseudogap. The observed Ce 4 f 1 SDOS feature of CeRhSb agrees with the V-shaped pseudogap in the conduction bands as proposed in the analyses of the specific heat 9 and 1/T 1 of the NMR ͑Ref. 10͒ measurements. It is also noted that the size of the pseudogap ϳ13 meV coincides well with the ⌬ pϪp values of 10-13.5 meV obtained by tunneling spectroscopy. 8 The spectral intensity of CePtSn exhibits no remarkable enhancement near E F , except for a peak structure at ϳ27 meV. The peak structure is in good agreement with crystal field excitations observed in inelastic neutron scattering. 18 A weak KR is consistent with either the low k B T K Ͻ1 meV, or a weak c-f hybridization. 25 The spectral features of CePtSn can be well interpreted within the framework of the SIAM.
If we compare the present spectra for CeRhAs and CeRhSb single crystals with the He II␣-He I␣ difference spectra obtained for scraped polycrystalline samples, 12 significant differences are noticeable. First, we found no peak structure at E F in CeRhAs. Second, a very narrow pseudogap exists in CeRhSb. There is no reason to estimate ⌬ f by the peak position in the difference spectra. 12 If we evaluate ⌬ f by the binding energy from which the Ce 4 f SDOS starts to decrease, ⌬ f 's are ϳ90 meV and ϳ13 meV for CeRhAs and CeRhSb, respectively.
As shown explicitly in Fig. 3 , the spectral features at E F of CeRhAs, CeRhSb, and CePtSn are characteristic of a semiconductor, a semimetal, and a metal, respectively. The Ce 4 f electronic states at low temperature in CeRhAs and CeRhSb cannot be explained within the framework of the SIAM, in which the intensity of KR should scale with T K . 25 In order to describe the spectra for CeRhAs and CeRhSb, the PAM or KLM may provide us with an insight into the c-f hybridization near E F . Based on the PAM, Ikeda and Miyake ͑IM͒ presented an anisotropic c-f hybridization model of the ⑀-TiNiSi-type Kondo semimetal CeNiSn in which the conduction bands hybridize with the f state for a particular symmetry of the crystal-field states. 27 Moreno and Coleman ͑MC͒ extended these considerations by accounting for fluctuations into the f 2 state, and showed that the anisotropic c-f hybridization gap could be modeled, even though the crystalfield splittings were absent. 28 The results of IM and MC show a semimetallic singleparticle spectral function. 27, 28 In the MC model, the V-shaped spectral density was more pronounced, 28 which is closer to the observed spectral shape for CeRhSb. Since the dispersion of the Ce 4 f states is assumed to be small in the PAM, it leads to a sharp peak structure near E F . In addition, the   FIG. 2 . High-resolution photoemission spectra of CeRhAs, CeRhSb, and CePtSn near E F . The spectral intensities are normalized to the intensity of the peak at ϳ300 meV. FIG. 3 . Photoemission spectra of CeRhAs, CeRhSb, and CePtSn divided by a broadened FDD function. These spectra are assumed to reflect the SDOS broadened with the instrumental resolution. The SDOS of CeRhAs decreases monotonically above ϳ90 meV, forming a large energy gap. The SDOS of CeRhSb enhances above ϳ120 meV but decreases above ϳ13 meV, forming a pseudogap. The SDOS of CePtSn has weak KR, and a peak at ϳ27 meV corresponding to crystal field excitations.
magnitude of the c-f hybridization ͑pseudo͒gap is decreased, and the spectral density for the Ce 4 f state becomes narrow due to renormalization effects. [3] [4] [5] 27, 28 Although the IM and MC models 27, 28 assume rather simple energy-band structures, as compared with that given by full band-structure calculations, 29, 30 the observed spectrum for CeRhSb can be qualitatively understood in terms of these models.
However, with regards to the Kondo semiconductor CeRhAs the situation is quite different. The absence of a peak structure near E F is highly suggestive of a much stronger c-f hybridization. More realistic energy band dispersions should be taken into account. The observed spectral feature of CeRhAs is significantly different from the spectral function given by the PAM. For future considerations, it is desirable to compare the spectral features with the density-of-states given by band-structure calculations. 31 In summary, we have investigated the Ce 4 f -derived electronic states of the isostructural single crystalline CeRhAs, CeRhSb, and CePtSn in the ground state, by utilizing highresolution, low-temperature resonant photoemission spectroscopy. The spectral intensity of the Kondo semiconductor CeRhAs monotonically decreased above ϳ90 meV. The spectral feature considerably differs from what the PAM predicted so far. The observed SDOS of the semimetal CeRhSb enhanced above ϳ120 meV but decreased above ϳ13 meV, which can be well described based on the PAM. The spectral features of the metal CePtSn are well explained within the framework of the SIAM with low T K . This work was supported by a Grant-in-Aid for COE Research ͑13CE2002͒ by the Ministry of Education, Science, and Culture of Japan. We thank the Cryogenic Center, Hiroshima University for supplying liquid helium. K.S. thanks Prof. T. Ekino and Mr. Takasaki for the scanning electron microscope measurements. The synchrotron radiation experiments have been done under the approval of HSRC ͑Pro-posal No. 01-A-24͒.
